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ABSTRACT

The analysis of the solidification curve for the traditional cases
of equilibrium and normal non-equilibrium solidification has been extended
to include computation for a binary ailoy of any phase diagram. An addi-
tionai case, taking into account diffusion within the solid phase, has
been analyzed to give a solidification curve sensitive to the mode of
solidification, in particular the size of the solidification element.
Expressions have z!so been derived for each of the three solidification
cases in order to compute the rate of solid formation, the interface and
average compositions of each phase, the rate of change of the composition
with the progress of the solidification, and the relation of the amount
of non-equilibrium phase to the size of the solidification element.
Numerical analysis was used to calculate the change of the concentration
profile on a microscale within a dendrite, due to diffusion within the

solid.

Apparatus and control equipment were designed and assembled for
controlled ingot solidification. 1In addition to the extended solidifica-
tion heats described below, the equipment permits (a) interrupted
solidification, (b) isothermal solidification, (c) programmed solidifica-
tion, (d) unidirectional solidification, (e) solidification under vibration,

and (f) solidification with stirring.




i1.

Ingots of aluminum-L.5 per cent copper were solidified over periods
ranging from twelve to one thousand hours. The resulte demonstrated that
the increase in the size of the sclidification element concomitant with a
decrease in the rate of cooling for normal alloy solidification causes
the rate of approach to equilibrium solidification to be slow; too siow
for the extension of solidificatinn times to be, in itself, a practical

means of eliminating microheterogeneities in cast structures.

Comparison of the solidification curve derived from the thermai
data of the slow cooled ingots to the solidificetion curve calculated
for the cass of i1imited solid diffusion indicated that the latter case
does apply to alloy solidification. In addition, microsegregation measure-
ments indicated that there was an increase of solute within the solid
phase during dendritic growth and the results showed good agreement with

the computations for the conditions of limited solid diffusion.
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I. INTRODUCTIONM

This report summarizes continuing research on solidification of
aluminum alloys of the Casting and Solidification Section at Massachusetts
Institute of Technology under Army Sponsorship (now Army Materials Research
Agency) through Frankford Arsenal. 1In recent years work has concentrated
on solidification structure, its control, its relation to casting

characteristics, and its influence on mechanical properties.

Among other results of fundamental or practical value, techniques have
been evolved from the research, which are now employed commercially, to
producs 'premium quality' castings; {.e., castings with strengths up to
twice as high as those previously availabla, and with ductilities up to
seven times grcator.] These improvements in properties have besn achieved
in existing 2lloys, primarily by control of (1) microsegregation, and

(2) microporosity.

It has also been evident that more complete control over microsegre-
gation and microporosity (particularly the former) should permit development
of new, wholly different and substantislly stronger, casting alloys. As one
example, castings with tensile strengths of 70,000 psi have been cast in our
own laboratory; this compares with 50,000 psi as the maximum tensiie
strength in the current 'premium quality'' casting specification.2 A
research program is now underway in at least one laboratory to develop
alloys which possess thess high tensile properties and have adequate

ductiiity for engineering applications.3




Development of wrought aluminum alloys has also been iimited by
microsegregation and microporosity in the original cast ingots. For
example, only those alloys in which microsegregation can be held to 2
required minimum can be readily worked, or develop adequate mechanical
properties in the wrought state. An example of the as yet untapped
potential of wrought aluminum is that a recent study has shown that with
sufficlently careful processing controls, tensile strengths in excess of

100,000 psi can be obtained in wrought products produced from cast ingots.&

To achieve mechanical properties in cast or wrought products
significently higher than those now available, a deeper fundamental
understanding must be cbtained of factors affecting such structural
variables as microsegregation and microporosity. The time is particularly
ripe for such study since (1) a variety of tools can now be smployed to
aid such & study that were not available only a decade ago, including the
electron microprobe and high speed computers, and (2) a decade of
experience has delineated important variables and shown the great
improvement in properties of castings and wrought material that is

possible.

This report summarizes a first year's effort in obtaining fundamenta!
information as discussed above; it 1s concerned primarily with microsegre-
gation. Detalled computer ana.yses of the solidification process are
reported and comparisons are made with experiment. Preliminary suggestions

are given as to how the principles developed may be applied to produce morse




homogeneous castings or ingots. Work following that reported here is
being directed along the dual paths of improving insight into the solidi-
fication process and of appliying {information deveioped, on a laboratory

scale, to slter and improve cast structures.




II. ANALYSES AND COMPUTATIONS

Once the transport and equilibria that occur on the microscopic scale
are specified or assumed, certain macroscopic properties of a solidifying
system can be canuted.” 7 In this section the fraction solid, phase
composition, heat content, and associated derivetives are computed for
thres limiting conditions: (1) equilibrium, (2) normal non-equilibrium,
and (3) limited solid diffusion. The alwninum-rich portior of the
aluminum-coppsr alloy system, a simple eutectic between the K, 8, and
liquid phases (Figure 1), will be used as an example for computation.

The analytical expressions derived, however, ere general and can be

applied to any binary alloy system whose phase diagram is accurately known.

Previously, laborious hand calculations were necessary to carry out
this type of calculation for any but alloy systems whose phase diagrams
were composed of straight lines. The availabiiity of an IBM 7090 digital
computer* for the evaluation of the expressions made feasible carrying
through the calculations for any binary alloy system. The organization of
the general programs for computing and recording the results of the
analyses is included as Appendix B, and description of the expressions

follows.

A. Fraction Solid

For a solidifying alloy of kimow phase diagram, the fraction solid at

any temperature can be cidlculated by the appropriate application of mass

* This work was carried out in part at the Computation Center, Cambridge
Msssachusetts.




balsnces. An alloy system naving m components and solidifying through &
region of n solid phases and p liquid phases will have m-] indepsncent

sass balances of the form

r
~N c - c
> Csijfsj + E CLika = Cp - D)
j= k=] k !
whgre® Co =~ overall weight fraction of component i.
i
ES » EL ~ the avarage weight fraction of component i in the
1] 1k j phase of the solid and the k phase cf the liquid,

respactively.
fg , f . = the weight fraction of the j phase of the solid and
J X k phass of the liquid, respectively
Consider now & solidifying alloy of a specific binary system (such as
that of Figure 1). At any point in the two phase ragion the mess balance

for soiuts mzy bz written in the form

chS + C- f = C . . .. . (2)

Ly “0

vhzre the subscripts i, j, k have been deleted, there being only one solid

ohase, cne liquid phase, and one independent equation.

Differentisation of equation (2) gives the effect of an (nfinitesimsl

variaticn in the system

o 3 ~ =

(]
—
[OX)
~

* The symbols used in this report are tabulated in Appendix A




(o 2N

wnicn i{s excanded 1o
Cgefg + fqalg - Cydf - faf = 0 ()

As 1373 85 the system s closec

& F4 = (<
'S b L ! (1:‘
dfs - de = 3 (6)

anc en.aticr f4; may now be rewrittern

":L - ;_‘_S} dfs = fsécs + {1 - fS} dCL . . (7)

The equality expressed by esquation {7) is depicted for an infinitesimal

t of soligificestion, dFS, by Figure 2a. The conditicn before the

5 Lal
-~

transformation is represented by the li!ne 1 o 3nd the condition after
transformation by the iine f ] Cross-ratched ares & {represented by the
left side of equation 7) must equal area A plus araa C (represented by

the right side of equation 7)
i fquiiibrium Solidification.

Equilibrium soiidification refers to a liquid-solid transformation
that occurs with complete transport within both liquid and s,lid phases
and with compositions at the interface strictly @s predictea by the phase
diagram. The compositions of the solid 1 liquid wil!l be uniformly those
given by the intersection of the isothermai at that temperature (tie i{ne)

with the solidus and liquidus, respectively. Figure 2b depicts the change



produced by an amount of solidification dfs, and equation ] modified for

this speclal cass {s:
(CL. - CS.) dfs = deCS. + (‘ - fs) dCL‘ e e e e e (8)
wherse CL’, CS’ ~ weight fraction of 1iquid and solid present at interface

«a) Straight Phase Boundaries

One method of solution Of equétion (8) is to assume that both the

solidus and liquidus are straight lines described by mg and ™ where:

T -7
i ~
ci--ﬂc———- : . (3}
Yy
T - T
m, o= B~ L (19)
S Cs

where T = melting point of solvent
Ti = texperature of invariant transformation

Csi’ CL = concentration of solvent in solid and liquid phases at invariant.

The ratio of the equilibrium solid concentration to the equilibrium liquid
concentration within the two phase region is a constant termed the equilibrium

‘'partition ratio'.

C.+*
S M (1)
CL mg
and -
dCge = kdC (12)



Now substituting expressions {l1) and (12) into equation (8), separating

varisbles, and imoosing lim::s ¢f integration yleids

f C . *
3 af L dC, *
S ] L
——————e e . = -("_-5- . N (‘3)
/
Integration leads efther to the familiar lever rule
CL‘ = Co
fS = CLd» - CS’ (iu)
or the expression used for computations
T -7
fo o= : \ o (15)
S 7. -0 - x)

m
whare TL = liquidus temperature for alloy C0

{by Curved Phase Boundaries

Of ten the assumpt‘on of a straight iiquidus and solidus leads to
inaccurate results and/or loss of information. Such would be true, for
example, for the aluminum-zinc system {(Figure 3) or the aluminum-tin system

(Figqure L)

1f the phase boundaries are not straight, equation (15) no longer holds.
Equation (14), however, is still valid and may be applied at every point in
the path  Baculeg ofF this computation for a s®Biies or dluminum-copper

alloys of differing composition are plotted in Fiaure 5.




Although the results obtained from he curved 1ine calculation often
ditfer appreciably from the results obtained from & straight iine approxi-
mation (equation 15), equilibrium solidification is rarely approached and
the significance of the differences will be discussed in relation to the

non-equiiibrium calculations (page 1l and Figure 7)
2. Normal Mon-Equilibrium Solidificetion.

Normal non-equilibrium solidification refers to the condition of
(1) complete mass transport within the liquid phase (e.g., diffusion
cosfficient is infinite, D = o0), (2) no mass transport within the solid
phase (Dg = 0), and (3) equiiibrium maintained at the interface. The
solidification assumptions are depicted by Figure 2c. There being no mass
transport within the solid phase, equation (7) is simplified by the dele-

tion of ths term fsdfs and the mass balance is written in the form
(CL* - CS*) dfs - (' - fs) dCL* ve e e e (!6)

(a) Straight Phsse Boundaries

Assuming the liquidus and solidus to be straight lines, substituting
axpressions (11) and (12) into equation (16) and {ntegrating leads to the
result

V(O -k,

fs = 1 - ( EQ_ /) A A )

vt the exprsssion used for computation

T o- 1 \1/0-Kk




10.

{(b) Curved Phase Boundaries

When the phase boundaries are not sufficientiy straight over their
antire length ot justify the use of equations {17) and (i8), the phase
boundaries are treated as a ceries of straight line segments that follow
the actual phase boundary within the experimental accuracy. Then, for a
temperature, T, within the interval, TJ - T,j.y, that the phase boundaries

are considered straight, define

Tyt Ty Ty T .
™y T Ty - ¢ C, - C¢ )
S0 USum s¢ 8
T, - T, - T
o L - L. L ..
“L, Ly LJ L

where CLJ and CsJ ars weight fraction of sslute at intersections of
isothermal at T, (tie !ine) with the liquidus and solidus, respectively,
CLJ-‘ and CSJ-I represent similar quantities at T, ,. Expressions (19)

and (20) combine to yield

mL ml.
C,* - Ce* = C» - _J ¢ -¢ + 3 (21)
L S L S L
Let m
L
Ay = 1 - —J (22)
ms J
m
L
By, = = ¢, - cg, (23)




and replace (CL* - CS*) in equation (16) by ACL® + B,

(fs of < dcy *
| s .| -t C. (2l
) 1 - fg ) ACL" + By
' / ¢
fre C'y

Integrating*equation (24) over a short range T! to T within the interval
Tj-1 to T using as lower limits of integration that a fraction solid fg!

sxists at temperature T' and liquid composition C '.

(

1/A
AL + B, 2

J
fo o= 1 - (1 - f1)

—_— {
S s (Ag7 v 8, )

To calculate the value of fS at any temperature T within the interval T
to T), equation (25) must be successively evaluated within sach of the
intervals from the liguidus T to the temperature T, ; and then in the

interval from T;_; to T.

The results of this calculation for a seriss of aluminum-copper alloys

are plotted in Figure 6.

In Figure 7 results obtained for several systems by using the expression
for curved phase boundaries (eguation 25) are compared to results obtained
using the straight line assumption (equation 18). The aluminum-iron system,
Figure 7b, has been included as an example because thes phase diagram is

compnsad of <

(4

r2ight lines within the sxperimental accuracy of tne determination,

hence results calculated from both expressions coincide

#* \When the solidus and liquidus are parallel, A; = 0. Integration then gives
instead of equation (25), fg =1 - (1 - fg') exp (Cy '-C */B,). A similar
exception exists in other integration, frr curved phase boundaries that
follow.
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The main deviation for the aluminum-copper system, Figure 72, is that
the curved boundary calculation predicts a higher liquidus and thus the
curve is displaced to higher temperatures. The predicted amounts of non-

equilibrium second phase are only slightly different.

The straight line approximation is not even qualitatively applicabie

to the aluminum-tin system, Figuras 7c.

The straight line approximation {s valid for aluminum-zinc alloys in
which zinc contert is low, Figure 7d, in spite of irregularities in the
phase diagram, Figure 3. This is due to the fact the irregularities occur
at higher zinc contents and the low zinc alioys are mostiy solid before

entering those regions.

3. Limited Diffusion in the Solid.

Limited diffusion in the solid refers to the assumptions (i) complete
mass transport in the liquid, (2) mass transport in the solid solely by
volume diffusicn, and (3) equilibrium maintained at the interface These
solidification conditions are depicted in Figure 2d For this cailculation
an additional assumption specifying ths growth morphology is taken  The
growth form {s considered to be plates separated by a distance d. The
plates start to grow at the liquidus temperature and complete their growth
when solidification is complete at a3 time 8¢ later (See Figure 8 for

growth mode! )
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An increase in the solute content due to solid diffusion must be the
result of a flux that enters the solid at the liquid-solid interface. Thus
the solute increase behind the interface fsdfs 15 s=* equal to the flux at

the interface.

20 dc
dg = 2 S) de (26)
i

= _ 2
fsdts = = 7 d ax

where Ji

jr w density of alloy (gr/cm3)

flux at interface in solid phase (gr/cm3)

0 = diffusion coefficlent (cmz/sec)

dC

)

;;j) = conzentration gradient at interface (weight fraction/cm)
A |

8 = time frominitiation of solidification (seconds)

To simplify equation (26) the amount of diffusion (s assumed relatively small,
i.e.,

) | s
dX dX
X=Xy

(27)
L

(a) parabolic Growth

First, let the rate of advance of the interface be parabolic in time
X[ = Ny (28)

where Xi = position of interface

/. = growth tate constant




and
48 2 fed
¢ _ I @9
dXy (N)2 (N)2

For the case of limited solid diffusicn and plate-like growth form, equation

(7) bacomes
(CL* - Cg*) dfg = <>< fgdCs* + (1 - fg) dCy* . (30)

where X = We/y P 0B

and equation (30) may only be applied for > <'| due to the assumption (27).

Straight Phase Boundaries, Constant Diffusion Coefficient: Once again

the partition ratio is assumed to be constant and, in addition, the diffusion
coefficient is assumed constant over the solidification interval. Separating
variables, now

dfs | dCL* ( 7)
< kfg - fc + 1 = {1 - k) CL* ' 32

and integrating
v (- = k)/ (-k)

fg = : (33)

or

(1- =< k)/(1-k)




Curved Phase Boundaries, Constant Diffusion Coefficient: Equation (20)

can be evaluated for & system with curved phase boundaries by dividing the
liquidus and solidus into & series of straight line segments (as done
previously for the normal non-equilibrium case). Using definitions (21),

(22), and (23) and the relation

deg* = (I - Aj)dcx ... L. (35)
equation (30) can be rewritten
(A, * +8y) dfg = (1 - AL FdC * + (1 - fg) dey» . . . . (36)

Separating variabies and integrating

/A
) J
A j(“JCLJ: By (37)
i - , fS' \AJCL + BJ /(
where § = (-0 -84y ... . S . (38)
and ;~
/A
| ( f /AL B ) ) | |
f = = /‘ - ‘ - ) f ) e (39)
S St I///
i e )

Straight Phase Boundaries, Temperature-Oependent Diffusion Coefficient:

The diffusion coefficient of solute may vary by more than an order of
magnitude over the temperature range of solidification of an alloy. The
aluminum-b4 5 per capt copper 21luy, far example, has & soiute arrrusion

cosffictent of 1 62 « 1079 cm?/sec at the l{quidus and at the eutectic of
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1.99 x 10710, A cioser approximation is made by allowing the diffusion
coefficient to be an exponentially varying function of temperature of the
form

D = Dg exp (Q/RTY) . . .. ... ... (40)

where D0

empirical constant
Q = heat of activation, empirical
R = gas content

TK = absolute temperature

Now <X becomes a function of temperature of the form

20

ol (M =

” exp (-Q/RTK) R (3D

(N)

and equation (32) is integrated over short temperature ranges between the
liquidus temperature and the temperature of consideration At each interval

the proper vslue of<>< (T) 1s substituted

V- X(T) kK
T, - T /
fs = (1 - 44 Tk ) b [‘ - (- °<(T)kfs} (T: e O

Curved Phase Boundaries, Temperature-Dependent Diffusion Coefficients:

For this computation the dependence of DS on tempersture 1s inserted into the
analysis by relating <>( to tha liquid composition. The absolute tempera-

ture at some position within the interval between T, ; and T, is given by"

Te = Ty omom, (C - o) v 230 (u3)




and X (T) is dafined as in equation (LO) Now setting
-~
ST = - - A)X(T) : (4)

Use for each successive interation:
f( ./A-
N T) i

o faen (Aaies)

fs = T ﬁ\l - L(] - (T)fs') \ -—*—T ] . . }(L’S)

L
Ay® + 8y 7/ J

Transformation at the Eutectic Temperature: The analysis of soiidifi-

cation for the limited solid diffusion case has carriec the alloy to the
point of evtectic transformation. This case differs from the previous

two cases in that the phase redistribution resulting from the eutsctic
transformation and the cooling to rocm temperature must de taken into
account. In the equilibrium case the phase distributien is simply obtained
from the phase diagram. An aluminum-4.5 per cent copper alloy (Figure 1)

is totally prima-y solid solv. on, K, after solidification and the 6 phase
only appears as the alloy crosses below the solvus line. Ir the normal
non-equiiibrium case there can be no mass transport within the solid phase
and thus no diffusion controlled sclid state change cen occur. An aluminum-
L. 5 per cent copper alloy that nas 30 3= .rimary solid ana 9 1% iiquid

phase just above the eutectic temperature will form just 9.1% eutectic

This requirement is relieved for tne case of limited solid diffusion An
analysis of the formation of the primary phase at tne eutectic temperature
is presented below An analysis of solid diffusion below the eutectic tempera-

ture will be presented in Section D {page 38)
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Considering the eutectic to be a pseudophase and evaluating the
materials balance, equation {1), for three phase equilibrium of a binary
alloy

where C, fg refsr to the primary solid
C fE refer to the eutectic soiid

ELv fL refer to the eutectic liquid

for an infinitesimal change
d(Cefs) + dCefe) + d(Cf) = o . oL (w7)

Expanding equation (L7) but taking into account

(48)
df = -df - df (49)

it simplifies to
(Cg* - Cg*) dfg + fgdlg = O . (49)

The second term of equation (50) is evaluated by referring to equation

(26)

af dX
Tg Te

(93 )

\
- 20 (T dC df
fedCg = *—§é"il — ) -2 \\ dé (51)



Again, the ascumption is taken that ths solid diffusion does not change
significantiy the concentration profile at the interface, equation (27),

and
l‘DS (TE) CS‘ (1-k)

52
42 bo- (-Xk) fg ! (Tg) !

where fs'(TE) refars to the solid fraction just above the eutectic

temperature. Rowritting equation (50) and setting limits

o (1) 8=(a /8N
(Cg*-Cp*)dfs +( _I‘DS(TE)CS*“ - k).ﬁ dg = 0
/ d2 1 - (- K)frgimg))
£1o(Tg) Be=f s (Tp) 2 (a?/6 0 )
(53)

and integrating

f (1 Frg(tg) + K |- Fs (1)’ (54)

= T

s e) SUELT T T - arg )

for curved phase boundaries the analcgous expression is
2
fo(Te) = frg(Tg) N TURC: 3 R N STV P

2 - gf'she)

Evaluation for an Aluminum-4.5 Copper Alloy: The analysis for limited

solid diffusion was applied to an aluminum~L4.5 par cent copper alloy using
the published phase diagram (Figure 1), the following cc siants in the

expression for the diffusion coefficient
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Do = 8.4 x 1072 cm?sec”!

Q = 32,606 calories mole”!
and s parabolic growth rate constant
M w6 x 1070 cm sec™)/2

The fraction solid at each temperaturs, i.e., the solidification curvs,

for the limited solid diffusion codition {s compared to those for the
equilibrium and normal - nonequilibrium limiting cases in Figure S*. The
calculated curve, based on equation {45), falls between the liriting curvas
for the equilibrium and normal non-equilibrium case, the position of the
curve shifts in the direction from non-equiiibrium to equilibrium as the

valus of A decreases.

For parabolic growth of dendritically freezing alloys )\ is squal to
ons half the dendrite spacing divided by the square rcot of solidificsation

time; i.e., from equation (28) and Figure 8:
A
N o= /2 d&/Ve, = 1273 . . (56)

where Gf = total solidification time

}f = empirical ratio of dendrite spacing to square root of
solidification time

\
In dendritic solidification of ingot cast from most alloys, Yy s

found to be nearly constant over a considerable range of freezing 8,9 From

* Note: Figure 9 includes some experimental data described in Section 1V
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A
aluminum-coppsr alloys the values of 5 (2 ) observed are such that some

solid diffusion {s to be expected during normal sclidification.

(b) Linsar Growth

Mow consider the advance of the iInterface to be linear in time

and
dX
E“'i"” .. (58)

For the case of limited soiid diffusion, plate-!ike dendrites, and linear

growth, equation (7) becomes

(. - Cg®) dfg = | dogr + (- fg) dC s .. . (59)

where Cx(L n  20/ud

The result of integration for the conditions of straight line phase

boundaries and constant diffusion coefficient is
1/1-k
‘ Co
fs - (1 + o(Lk) ( —<E:> ) oo (61)

The analysis has also been applied to the conditions of curved phase
boundaries and/or temperature dependent diffusion coefficlient in a

fashion analogous to that described above for parabolic growth.

To svaluate the result at the eutectic temperature of diffusion in the

primary solid the expression for fsdfs (equation 51) is evaluated for linear

growth rate



22.

bog(Te) (- k) Cgr (1)

f = (62)
s9Cs 42 L+ k - fg

Upon substitution for this term in the materials balance for the autectic

temperature (equation 50) and integrating

' b e (Te)
fs(Tg) = f1o(Tg) + ¢ (K . (63)
b+ k=f g (Tg)

Similarly for curved phase boundaries:

) 1 - f'S(TE)
JOTEE Ay )

fS(TE) - f'S(TE) +°\‘L(1 - A
(64)

The quantitative results of tnis analysis for linear growth rate and

iimited solid diffusion are presented in the next section.

1f the growth form is again considared to be dendri.es grown from the
melt, the growth rate constant u is half dendrite specing divided by the

solidification time; 1.e., from equation (57) and Figure 8.

14
u = -5 8 f . . . . . . . (65)
and 2
1 g2 )
ud = 2 é—'f— - 2 X . (66)

where 5& still 1{s, as previously defined, the empirical ratio of dendrite
spacing to the square root of solidification time. “he relation of the
solidification curve, and thus the microsegregation, to the behavior of

receives closer attention in the next saction (page 29)

R
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8. Properties of the Solidification Curve

1. Comparison of Several Aluminum Systems.

The solidification curve (temperature versus fraction solid) is
important in the prediction of many casting properties and the interpreta-
tion of certein solidification stuctures. As examples, the solidification
curve ailds 1in undarstanding relative tendency for alloys to hot tear,lo

1

ralative shrinkage characterisitics of different alloys, and it may

affect dendrite morphology as well.

The solidification curves for a series of compositions in each of nine
binary aluminum alloy sy-tems wers computed. The results for the case of
normal non-equilibrium are presented in Figure 10. The ordinate values in
these plots are not dsgrees as previously but rather a dimensionless tempera-

ture scale dsfined by

Te = T . . . (67)
E
whers TR will be referred to as the reduced tempersture.

For an alloy that transformed uniformly over its solidification range, the

curve would ba a straight line of slope minus one (-1)

Note the degree of similarity that exists from system to system in
Figure i0. One difference between the curves i{s the amount of solid that
forms in an initial temperature {nterval (e g., the first five per cent

temperature decrease) Comparing equivalent alloy contents of the systems




aluminum-zinc, aluminum-mangresium, and aluminum-copper indicates that
the amount of solid to form 1n the same drop of reduced temperature
{ncreases in the order stated. These differences may be expected to
influence not only solute redistribution but perhaps also dendrite

morphology in the different systems.
2. Rate of Solid Formation.

Through their description of the solidification curve, the first
derivative of the fraction solid with temperature, dfg/dT, and with con-
centration, dfg/dC,, are valuable quantities for (1) analyzing
solidification phenomeny and (2) insertion in solidification calculations
(e.g , the calculation of rate of shinkage of heat realease that follows).
These derivatives, obtainable by rearrangement of the differential mass
batances (equations 8, 16, 30, and 59), are summarized in the tabulation

that follows

The reciprical of the slope at the liquidus of the solidif{ication
curve, (dfs/dTR)TR=i, are plotted for several solute contents of the
aluminum-magnesium, aluminum-copper, and aluminum-zinc systems in Figure
Ti The temperature rate of soiid formation decreases sharply with
fraction solid (see inset Ficr're 11) Note that the rate of solid forma-
tion of the aluminum-zinc system i{s about five fold higher than the two

former systems




TABLE I: Rate of Solid Formation
Case First Derivative Straight Line Assumption Curved Line Assumption
(1-fc) + kf (1-fe) + (1-A))f
dfe/dCy 2 > (68) > 2 (70)
tquilibrium A
}~-f + kf df ]
dfg/dT - s 2 (71) —2 — (72)
(%) (Tp-T) q /. m
- - ﬂm _ - ﬂm
dfg/dC, (73) - (74)
nr (v - k) Agy + B
Mormal Non-
Equilibrium 1 - f | df 1
df¢/dT - S (75) arl — 8
T, -T l-k dcy \b m |
1 -fo + Xkf 1-Fc + (1-A)X f
dfg/dC, 3 2 (77) s+ WAXFs (8
(1 - k) O >unr: + B
Limited Soitid
DL ffusion P-fe + X kf df 1
df /dT -3 S (79) —2 — (80)
(1-x) (7,-T) dc, /| @
1 + K - f 1+ (1-A f
dfg/dC, Xk @ AL (g
(- xvnr >gnr‘ + wg
Limited Solid
Diffusion I - fo +O¢, K df ]
(1inear growth) dfg/dT - 2 L (83) = —_— (84)
(1 - k) A.«E - T aCy  / 3.:._
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3. Composition of the Soiid.

(a) Composition Within the Primary Dendrite

The smount of segregation (coring) which results in each of the
three idealized solidification cases discussed in Section IIA 1is of
intsrest. The minimum segregation will be experienced for the equilibrium
case:. the maximum segregation for the normal non-equilibrium case, and an
intermediate amount of segregation for the limited so.id diffusion case.
As an extension of the pre,ious analyses the composition at the interface
and the average composition of the primary dendrite are caiculated as

follows.

Interface Composition as Functicn of Temperature: The composition

present at the interface must, for each solidification case, be just that

given by the phase boundary at that temperature. For straight phass

boundaries interface equilibrium is established between the folliowing

compositions in sach case.

Tm - T
L = —_— oL .. . (85)
™
- T
Cg* = k — —_— = kCL* .. (86)
L
and also
dCL' l
— = i. (87)
dcg* K
_S . -k . . ... (88)
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For curved phase boundaries the interface compositions take the form:

TJ -7
CL* = CL - (89)
J m,
Ly
Ce* = {L-A))cCx-8;, . ...... ()
and

dc, # }

L

- e—— R 1 D
dT
mLJ

dCS* 1 - Ay

aT = mL (92)

Interface Composition as a Function of Fraction Solid: It is of

interest to express C¢* as a function of fraction solid, as this rslstes
closely to thae concentration profile within a dendrite. Ths relations,

using straight phase boundary assumptions, are as follows:

-1
Equilibrium: Ce* = K, [! - {1-k) f;} Coe o (93)
dCe% 0 - k)
S 2
.- e (¥ T 119
dfg ko s
k-1
Normael Non-Equilibrium: Ce* = kCo (1 - fs) .o .. {95)
dCo* Ce* (1 - k)
a-gs nm R 1)
A (k=1)/ (1 -o(k)
Limited Soltd Diffusion: Cg* = ke (1 - [I -e{k] fg)

(parabolic growth) (97)



dCS*
f

Q.

5

Limited Scolid Diffusion:

(Yinear growth)

Co*

dCS*
df

S

Average Composition of the Solid:

Cs* (1 - k)
U= (1-XK)f

1+ ><Lk - fs

kc0 i +3./Lk

ce* (1 - K)
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(98)

(99)

(100)

For equiiibrium the composition within

the solid 1s uniformly the same as that at the interface; that is, the average

composition is equal to the interface composition.

For the normal non-

equiiibrium case, the solid composition does not change after the interface

passes. For the limited sclid diffusion case the solute content within the

solid changss continuously and approaches the interface composition For each

of ths three cases, the average composition of the solid at any point during

the solidification is given by the relation:

and

(]

(1 - fg)

) g7

(1ot)

(102)

where the derivatives relating to the approprizte condaitions are substituted

on the right side of equation (102)

The aveiage composition as a function

of the fraction solidified 1s plotted for a case of Iimited solid ditfusion

and the limiting cases for an aluminum-4 5% copper alloy in Figure 12.
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From the solidification curve for the limited solid diffusion conditions
it {s only possibie to calculate the interface composition and the average
compositionn. The computation of the actual segregation pattern at each
interval of solidification is computed by a numerical anzlysis technique

described in Section 2 (page 35}

(b} Amount of Second Phase

The solidification curves for ssveral compositions of the systems
aluminum-copper, aluminum-magnesium, and aluminum-zinc were computed using
the limited solid diffusion conditions #nd several values of‘? 2(=d2/8f)
for both parabolic and 1inear growth. The fraction eutectic formed during
solidificaticn as a function of \52 1s plotted for severzl compositions of
atuminum-copper having parabolic growth, Figure 13, and linear growth,

Figure 14,

Fer the aluminum-copper alloys up to the maximum solid solubility
limit at 5.65 per cant copper a change of ﬁ‘ (=24 ) from 5 x 1075 cmisec!/2
to | 0 x 1073 is sufficient to shift the behavior from essentially equili-
bri..n to normal non-equilibrium, These results, which are summarized by

Figures 13 and 14, are supported by numerical analysis calculaticns described

later (section D).

The results, a&s plotted in Figures 13 and 4. show the sensitivity
of the segregation behavio. of several aluminum-copper alloys to rhe salue
of (the ratio of the growth elem. . size, e g., the dendrite spacing, to

the square root of the rolidification time) Fiqure 15, which delineates
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the valus of \5 to produce a given amount of non-equilibrium eutectic, is
derived by a transformation of Figure 13 A horizontal line drawn on Figure
i3, as shown at one per cent retained eutectic, intersects the curve for
each compositicn at the value of ‘? 2 just necessary to form a given amount
of eutectic, e.g., one per cent. The intersections of several! horizontal
+ines are plotted in Figure 15. Thus, the area below the curve marked 0.5
is the locus of points for which one half per cent or less eutectic will be

formed: similarly, for the curves marked 2.5, 5.0, i0 0.

The results for the aluminum magnesium alloys up to ths maximum soiles
solubility 1imit at 4.9 per cent magnesium indicate a shift in TY\ from
-3 1/2 -4 e
I x 10 7 cm/ssc to 2 x 10  1s sufficient to shift pehavior from the
non-equilibrium type tc essentially equilibrium. For aluminum-zinc allovs

up to 10 per cent zinc a shift from ? =2 x 1073 cm/sec!?2 to ) = 2 X

IO'& cm/scc‘/2 ts sufficient to cause t .ge in solidificstien behavior.

C. Heat Content of a Solidifying Allcy

The determination of the solidification curve for an 2!loy makes possible
calculation of 2 variety of solidification paramesters, the actual msasurement
of which i{s often extremely difficult. The computation of two such groups of
porperties has been included in the FORTRAN program for macroscopic properties

described Iin Appendix B. Thase are-

1. The specific volume of the phases and the amount and rate of

shrinkage.
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2. The heat content of tha phiases ard the rate of the heat releass.

Only the latter computation is discussed in tnhis year's report.

The tota] heat released during the liquid to solid transfermation of
a binary alloy of components A ard B depends only con the initial and fina!
states of the alloy. The heat relcased at any temperature during the
transformation, however, is intimately dependent on the solidification path.
This dependence on the path is significant whep the composition changes of

the solid and liquid phases during solidification are considerable

General: The heat content of a binary alloy at any temperature in a2 two-

phase region {s expressed by the following relations:

HT = szS + fLHL Ce e e e e e e (103)
where
- - M - -
Hg = CeH's + (1 = CoH' + Ho (T, Co) L . {1oh)
He = cpsit  + (-  + M (T o) L (105)

Having used the following expressions for the solute

1

Htg = c'ps ) S .. . . (106)

Ts
]
AN ,/T
]
HY Cr desH o+ cr 4T (167)
pS j pL
Y '
B T M
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Analogous expressions ware used for the solvent parameters, H“S, H'l
where single primes refer to solute and double primes refer to solvent and
HT = total heat content of alloy relative to a base
temperature, Tg \calories/gram alloy)

Hg, H = heat content of solid and liquid phases (calories/
gram phase)

Tiy, T = melting point of pure component (°C)
ct,., C! = heat capacity of pure solute in the solid and liquid
p) pL . o
states, respectively (calories/gram°(C)
HF' = heat of fusion of pure soluts (calcries/gram)
H:(T,Cs), HC(T,CE) = heat of mixing of solid and liquid phases at

temperature T and average compositions (¢ and c
respectively (calories/gram)
The assumption has been made that the properties of a phase are
éccurately represented by its average compositicn. This is assentis

use of the Kopp-Neumann rule of hsat capacitiess.

Equally general as the previcus expressions are the following derivates

that are the rate of heat release of the phases and the aggregate,

dHy dHg dHL df
G - fsam + (-f)g + Mg -y gy - (108)
where
- Ho\ KoY -
dHS ~ 1 ~ " ! m CS +)H > . + bq 5 ) dCS
a7 = CsClpg + (1Ce)Cllpg + (Higen"s) g5 ST/ NPT
¢ C "S5/ 7
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\ T
dH dc# QH" DH,  dC*
_...L. = +* [] - " ' L L L L
47 e PL + (1o Pt (e e g7 * oT : ctr /;T a7

C*L

(110)

The rate of heat release with increase of solid fraction (dHT/de, dh /dfg,

dHS/de) is simply obtained by multiplying the appropriate derivative above

by dT/dfs (see Table I).

For a dendritically freezing alloy the liquid is consideared to be
homogeneous on the microscale and thus the terms that depsnd on the
solidification path are fg, g, dlg/dT. dT/dfg. The method of evaluation

of these parameters has been discussed previcusiy.

The analysis has been applied to the particular case of an aluminum-4 5
per cent copper alloy. The method of evaluating sach of the thermal ~ara-
mete-s using data from K. K. Kclley‘z and from 0 Kubashaewskl and

J. A. Catteralli3 {s summarized in Appendix C.

The heat content is plottaed as a function of temperzture ir Figure 16
and as a function of the sclid fraction in Figure 17  The heat cortent
curves of Figurs 16 are shaped simi!arly to the soildificatior curves for
the same alloy (Figure 3) The curves for the non-equi‘ib-ium ease aiffer,

in detall, in the following mannar.

|. The curves ars extended in the direction of t:.e abscissa During
solidification of an alloy, the sensible heats of the solic and
1iquid phases must be removed, in addition to the heat of fusion of

the solidifying fraction



2. The ratio of heat reieased during the eutectic hcid to heat released
during the solidification interval is not equal to the weight frac-
tion eutectic formed During the eutectic transformatiun, which is
isothermal, no sensible heat is removed from the solid or liquid
phases. Only neat of fusion is released In addition, tne 8 phase,
which 1s one of the sutectic constituents, has an apprectably nega-
tive heat of formation, approximately twice the number of calories

per gram as the negative heat of aixing of the eutectic iiguid

\n

There is an inflection in the heat content curve near 70 per cent
soild. The composition of each phase and of the transforming fraction
increases continucusly during soiidification., The heat capacity of
each phase, the heat of mixing of the liquid, and the heat of fusion
of the solidifying fraction are each dependent on the composition
Reference to Figure 17 indicates that the heat that need be removed
for each fraction soiidified increases as solidification proceeds and

the solute content increases in each phase.

If the heat released for each fraction solidified were constant, then a
heat content curve could be transformed to a solidification curve using the
construction of Stonebrool and Sicha<ih Tne slope of the curve in Figure 17
equals the amount of heat that need te extracted to form a gram of solid at
a particular stage of solidification. It is clear that the slope, dHy/dfg, is
not a constant throughoutl the solidification imterval of an aluminum-4.5 per
cent copper slloy, rather, dHT/dfs, continually dincresses as solidification

progresses. Hovever, for some calculations (e.g., qualitative application of
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the Stonebrooke and Sicha calculation) a value of cHy/df¢ averaged over the

sclidification interval would not be tto crude an approximation

0. Diffusion Within the Dendrite

I. Analysis.

The computation of the l1imit solid diffusion case (Part A-3, page 12)
delineates the conditions necessary for significant solid diffusion during
solidification. Enhancement of this diffusion reduces the severity of
microsegreqation and is, therefore of great engineering interest. Previous
cadlculations, however, do not fully describe microsegregation in that they
do not describe the distribution of solute within the dendrite. A more
complete description Is obtained by the appiication of numerical analysis

techniques to the diffusion equation.

The model used in the numerical analysis coemputation is analogous to
the model of Section A-3 and is depicted by Figure 8. The pertinent condi-

tions and assumptlons are described below.

}. The growth forms (or dendrites) are considered to be plates
separated at their centers by the final dendrite spacing, d. The
plates start to grow smoothly at the liquidus temperature and each
plane face advances a distance d/2 within the solidification time

B¢,

i

2 End and corner eifects are neglected
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The solute transport within the solid phasz {5 selsiy by volume
diffusien. The diffusion coefficient is an exponsntisl functien

of temperature described by equation {4L0).

Density differsnces due to soiidificatioen shrinksge are neglected.

Temperature 1is uniform throughout the dendrite plate at any given
time, 8 Although @ casting may be solidifying under a steep
thermal gradient, the temoerature difference batween any two

dendrite plates will always be small.

The rate of advance of the interface i{s taken to be a continueus

function of time.

e
parabelic X, = Ny 8 oo )
or
linear Xg = u 8 N (R V3

(a) In the first analysis, diffusien behind the interface 1is
considered not te alter the rate of growth. Fer this assumptien,
the interface composition at each pesition of the moving selid-
liquid {nterface is given by the normal nen-equilibrium expressien
fer interface cempesition, equation (95), which becomes for the co-

erdinates of this medel

S S (R 72') AR (1 )
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(b) A second, mere accurate analysis, bu: one tha. requires

more camputer time, 6 assumes the envelepe of interface cempesitien
13 given by the limited solid diffusien expressions fer the inter-
face compoesitien, eoiatien (97) fer the parabelic growth, equatien
(39) fer the linesr yrewth. Results wers obtained using beth

analyses.

Selid Diffusien Within the Yelidificatien Range: Diffusion within the

selid phase for the abeve descrihsd medel was studi:d using Fick's second

| awi:
dc o
R . p it R (R 1)
d8 D x2

with the initial and boundary cenditiens implied by the medel:

when, T = T,, then8 =0, X; =0, and Cy = kC, . . . (115)
at X = 0,0C/0X = 0
X = X, Cg = C¥ S AR 1))

(where C*s is given either by the nermal nen-equilibrium or the !imited

solid diffusien expression as stated in assumptions 7 abeve).

Using the mathod of finite differences equatien (114) is transformed te

-
Cok = Cuk=t | pafSlokot ~ Cypket o Gypkel - CJ-E,k-ﬂ
VX AX oX J

(mn

ALX

where the subscript J refers to steps in the X dlrectien arnd k refers te

steps in time. Solving equatien (i17) for { k:
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Cop-t ¥ M -2) €y pmy + 0y g

A x2
where H = 5:5:5' S A R KD

Equatien (118) is evaluated iteratively over J and k and the beundary
cenditions are simulated by the sequence of the steps taken by the

computer solutioen.

Solid Diffusien During the Eutectic Yransformatien: Acain, as the

liquid remain’ng at the eutectic temperature is transferming, diffusien

eccurs within the primary selid. This diffusien {s calculated by evaluating
equation (118) at &ll the J positiens within the primary solid solutien for
successive iteratiens, each /\ 8 in duration, frem the time of reaching the

autectic temperature te time ef wher, freezing 1is compiete

Diffusion in the Selid Selution Region: As the zalley coals frem the

eutectic te roem temperature, 3 certain amount of homogenizatien can eccur.
If this homegenizatien is significant, then one would expect to see less
second phase and more level concentratien gradients at room temperature than
were present immediately after solidificetion Once the time-temperature
path fer the alloy is determined, the above analysis can be extended te
calculating the amount of selid state homegenization. Just as fer the

selidification range. twe classes of cooling curves are considered.

The condition of linear advance of the liquid solid interface, equation

(112), fer the mode! requires & constant rate of heat removal, q, that is

q = censtant = () o . {i20)
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Such 2 heat flew conditien weuld be largely true for (1) an inget cast se
that interface resistance to heat fiow {s the limiting factor, (2) an inget
ceoled by the 'differential thermocouple technique' described later in this
report, and (3) for ‘'unidirectienally” solidified ingots, solidified under
steep thermal gradients, fer distances not to clese to the chill and tem-

peratures not far from TE.

If the heat relesased in selidificatien were the same for each fraction

solidified and squal to H' {calories/gram), then

i (%
- S (121)
d8 fH’A JOH'A
New, in the selid regien,
d dT
q,-fcpsAZd8 e (122)
where CpS = heat capacity of seolid (calories)
Substituting (122) into {121) and rearranging
dy 2H'u
— = O & 4
d8 Cp d (123)
S
Integrating
H! 0 -6
R
Ps - f -

The condition ef parabelic advance of the liquid-solid interface,

equation (i11), fer the model requires a parabolic rate of heat remeval,
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that is, q = cza"/z e e .. (128)

Such @ heat flow conditien would be largely true for temperatures net
to far below Tg when resistance te heat flow is primarily thermal diffusivity
ef the meld as in (1) sand castings, (2) chill castings, lecatiens near the

chill, mold-mecal interface rasistance negligible.
For parabslic heat removal,

dXy q i A

= = — =

L2
_— 126
de f’H'A f7H’A ) 278 (126)

and again, after soiidification, equation (122) will hold. Substituting

(122) inte (126), rearranging, and integrating

L w [ ]

p— (127)
E S | 4

Cnce the appropriate time temperature path has been selected, equatien
(118) can be evaluated iteratively from the eutectic temperature to a

temperature at which the diffusien contribution is no longer significant.
2. Qualitative Results; Diffusion Ouring Freezing.

An impertant parameter in the numerical analysis technique is M
(defined in Equation 119). It is a characteristic of the analysis that
when A X represents the ameunt of solid te form in a solidification time
AD8; for M(<2 thes gradients will tend to level out as fast as the dendrites

grew, for M>>2 there will be little diffusion and segregation will approach

I
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A
the maximum. The parameter M can be related te the grewth model threughX

as defined first in equation (56)

N S TP ()

It 1s demsnstrated below that, within the assumptiens of the abeve
analysis, ever any range that the value of the preportienality facter
fer an alley is truly a censtant, the solute segregatien pattern will be
the same far svery dendrite spacing and ceeling rate. The enly difference
will be that ef scale (the ratic of the dendrite spacings). Fer two ingots
made frem an alley with a censtant value of Zf , the sslute centent at
dendrite centers will be identical, tha seiute centents at equal fractiens
ef the dendrits spscing will be identical, and the ameunts ef nen-

equilibrium secend phase will be identical.

Let the pesitien ef the intarface be prepertienal te the nth pewer of

the selidificatien time (similar te squatiens 111 and 112).

xi=/70" e (129)

A
Then, the fellowing relatien exists between 5’ and,j?

\ 2

? - (2 77 )l/n

d92n-!)/n (130)

Consider then the diffusien in the Jth s1ice during the time the interface

meves frem X, = (J - 1) da/ te X, = J d/a, and

d
AND S C e (3)
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where a = number of spaces taken across the dendrite. Then,

1 /n F - 1) I7n
= - ¥ = - = . . . !
8 8, - 8, XY N (132)
f /
/
/ V/n 2
. - [Jl/n~(J_‘)1/nJ{§/, d? Co o (133)

Now evaluating M

H-’(% N A K1Y

T ~

N 1 / - -
where )i = LZI/° pl/n - y-nn 2277 7V i g numerical facter
dependent en the relative position of the calculatien and not on the
Val
absolute distance. Thus M is dependent only on D and J 2 nut net

individually on d eor 6¢ In particular for parabelic grewth, n = 1/2:

3}

1 2* 4 kY
24 -1 0 - {2i-1) ) .. .. ... (135)

M =

fer linear growth, n = 1:

I 32 . d

5 (136)

N
»
o
|
|-

It shou!d be poirted o.* here thsr the calculatien of the solidificatien
curve for the linited so!id diffusior cése alseo gave the result that the
ameunt ef non-equi!ibrium secerd phase was dependent only en Zf 2 and not

on d or B¢ indiviaually Usirg ths relatiens

A b
Linsar grewth: b £ = Jud . N (Y

\

Parabolic gromth- ) N (138)
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Equations (34) and {61) can be rewritten

AT
\ L

S N A k1)

l-(%%)k

. (17 (1 -k})
fo o= (H(%{% k) (1—(%) ) ... (140)

which are seen to depend only on f 2,

If 8 value of X is known for an alloy, then it is possible to casimate

the effectiveness of solid state diffusion by computing ZD/X Z,

If o' = 20/8 2 < ! tendency for maximum segregation
X! = 20/‘)“2 ~ 1 significant reduction of segregation
x! = 20/5‘ 2 >> | tendency for minimum segregation

Previous researchers have reported ZA to be a constant over a
considerable range of dendritic solidification conditwns.S’9 Closer study,
however, may demonstrate that X\ 1s not a constant but actually a function

of the solidificetion time. Hepresenting the relation as

X“Xoe? N (T S B

A

when m = 0, 3 o 15 @ constant and, as shown above, the segregation

pattern will not alter with solidification time.
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When m<< 0, the value of Y decreases as the selidificatien time
increases and the severity eof .xring will be lessened fer slew ceeling
rates when m> (0, the value ef o {ncrease< ac the selidificatien time

increases and cering becemes l18ss severe fer a high caeling rate.
3. Quantitative Resuits; Diffusien During Freezing.

The numerical analysis technique described abeve was applied te an
aluminum-L4.5 per cent cepper alley assuming & parabelic rate of interface
advance (cenditien 111) using a 'imited solid diffusien envelepe (assump-

tien 7b) and using ths fellewing numerical value:

0y = 0.084 <;sz¢zc-l

Q = 32,600 caleries mele !

\ ” -
5 z . 1.2 x 10_8 cmésec !

The cencentratien prefiles at progressive stages ef selidificatien
and ceeling te reem temperature, pletted in Figure 18, demenstrate the
build-up of the selute in the selid behind the advancing interface. Just
abeve the eutectic temperature, the salute content at the center of the
dendrite is predicted at 1.32 per cent copper. This value {s to be cem-
pared te the O 61 per cent cepper predicted by the normal nen-equilibrium
cenditions. Just belew the eutectic temperature, the sslute centent at
the dendrite center is predicted a: 1.34 per cent cepp2r and, at reem

temperature, |.38 per cent cepper.
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The fractien selid is calculated frem the numerical analysis results
by subtracting the selute centent as integrated ever the primary phase
from the everall alley selute content and censidering the difference to
be dispersed in the secend phase, i.e., at the liquid er eutectic compesi-

tien; e.g., at the eutectic temperature:

>

X=X
L CJ’k L\\ X)

Y= od

i

[

=

(142)

—“
i
O >

E

Fer the results plotted in Figure 18, the fractien of primary selid
selutisn just abeve the eutectic temperature is 0.927; just belew the
eutectic temperature, 0.930; at rsom temperature, 0.935. Fer nermal non-

equilibrium, 0.909 is the predicted fractien selid.

The amount eof selute build-up within the primary selid, is of ceurse,
sensitive to the value of jA. The dependence is demonstrated by the plot
of centeriine compositien versus 3\ 2, of Flgure 19. The transition from
normal nen-equilibrium behavior to equilibrium behavier occcurs in the
range of 5\ 2 from 1078 to 10710 cmZsec™!. The range of the transition
predicted by the numerical analysis technique is in accerd with the range
previsusly calculated by the analytic expression (45) for limited solid

diffusien that is depicted in Figure 13.

The weight per cent of eutectic predicted at the eutectic temperature,
after eutectic transfermatien, and at roem temperature are plotted in

\
Figure 20 as a functien of ) Z for the assumptiens (1) parabolic growth,

S
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(2) straight line phase beundaries, and (3) nermal non-equilibrium envelepe.
It is clearly demenstrated by the curves that the most significant reductien
of ssgregatien due te diffusien in the primary solid eccurs during selidifi-

cation and net during direct cooling ef the solid casting.

The detted line of Figure 20 is a cemparabie curve calculated by the
analytic expressien fer limited selid diffusien, parabelic grewth, and
straight line phase bsundaries (equatien 42). As the value ef ZA decreases,
and censequently the value eof ¢ appreaches 1, the analytic expressien tends
te everestimate the amount ef hemegenization. This result is due te the
assumption stated by equatien (27) that solid diffusien will net change
significantly the gradient of selute at the interface. The changs that
dees sccur is the consequence of (1) the increased rate of salid fermatien
and (2) the buildup ef the selute behind the interface. The analytic
expressien is nenetheless sufficlently accurate fer the cemmen range eof

values ef 2; .

Twe envelepes were used te express the interface compoesitions, the narmal
non-equilibrium and the limited selid diffusien, see assumptien 7, page 36.
The peints pietted in Figure 20 are calculated fer a limited seolid diffusien
enveimpe whereas the selid curves are fer a nermal nen-equilibrium snvelepe.
The fermer envelepe 1s expected te be mere accurate and the latter mere
cenvenlent; however, it i{s evident frem Figure 20 that closely similar

results are ebtained using the twe envelepes,
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I11. EXPERIMENTAL APPARATUS AND PROCEP JRES
A. General

In the study of ordinary ingots and sand castings it is difficult, if
not impossible, to separate the interdependent variables that effect soli-
dification. It is expedient, therefore, to utilize equipment and procedures
designed to independently control the various solidification conditions and

isolate the important parameters.

Apparatus used for the controlled solidification studies and described
below (Figures 21 ~ 25) was designed to permit: (1) extended solidification
with a censtant rate of hezat removal, (2) programmed time temperature paths
during selidification and subsequent corling, (3) unidirectional cocling with
heat removal by air or water, (h) mechanical stirring during cooling, and

(5) mechanical vibratien during cooling.
Specific requirements of the apparatus were that it would.

(1) Provide a wide variety of solidification times, ranging from ene half
hour te one thousand hours, (2) provide an environment for the metal! that
would pravent contamination even after exceedingly long periods of centact,
(3) permit close control and observation of the progress of solidiffcation,
(4) incorporate a mold of such a shape as to facilitate mathematical analysis,
(5) employ a relatively insulating mold material of !ow to:al heat content,

and (6) permit selidification studies to be made with a minimum set-up time

I
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l. Melting Practice.

Charge materials for aluminun-copper heats were aluminum (99.99+
purity) and electrelytic copper. The metal was prepared fer casting in
three stages. First, copper was alloyed with liquid a3luminum which was
held and stirred above 1700°F with a high frequency induction furnace. The
resulting hardener alloy of nominal composition 50 per cent aluminum-50 per
cent copper was cast into thin ingots in cast iron pig molds Nex<t, one
hundred sixty pound heats of aluminum-4.5 per cent copper sl ov were made
by combining the virgin aluminum and the 50-50 hardener alloy in a gas-fired
air furnace. The resulting alloy was cast into approxiustely 6 pound slab
ingets in cast iron melds. Finally, individual heats of twenty to forty
pounds were made by remeltin . the master " loy, stirring fer sixty =sescends,
degassing with chlerine for sixty seconds, and then pouring into ths test
ingets. Clay-graphite crucibles were used for ali heats. Aill matal toels
and pig rields were coated with either fiberfrix er zircen wash and dried
before use The procedure described above was used to assure complete
dissolution and uniferm distributien of the copper, corsistent compesitien

frem inget te inget, and minimal centaminatien from iren 3~d silicen
2. The Mold.

A cylindrical steel mold was fabricated bv waldirg ¢ !'/8-inch stee!
plate to the bettom of a seamless stes! tube of 1/8-i7ch wal! thickness.
Twe meld sizes were employed, 5-inches diametar and 2-1/2 inches diameter

respectively, each appreximately 10 inches ir height Moid-meca! -sectien

[
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was prsventsd by ceating the inside meld surface with Fiberfrax cement*
and/er Fiberfrax paper. The top ef the meld was cevered by a transite
plate The insuiating ability ef the meld was adjusted by wrapping layers

of Fiberfrax paper areund the eutside surface of the steel sheil.

3. Selidificatisn Furnace, Centrels, Tharmal Measurements.

The furance fer the centrolled selidification studies was a
resistance-wsund recirculating air furnace capable of a maximum temperature
of 1350°F, Figures 21 - 25. Twe Brown prepertienal band centreil units were
available; on¢ a duratien adjusting type (DAT), the secend a current
adjusting type (CAT). The calibratien accuracy ef tha centrellers i: +0.2
per cent of full scale (1500°F fer DAT, 300°F fer CAT). Twe Spesdemax N
madel S recerders having interchanceable ranges and sca2les of sne millivelt,
ten millivelts, and fifty miilivelts were alse available fer thermocouple
reading and recerding. A censtant milliveltage was cennectsd in sppesitien
te the thermeceuple when the scale range in use was less than the thermo-

cesuple eutput.

Thermeceuples were fabricated frem Heskins speclial chremel-alumel wire
with a guaranteed accuracy of +3/8 per cent. The wire was calibrated before
shipment and the calibratien was checked in the labsratery in the range 200'F

te 1220°F If the rate of temperature change was 2 F/mi~ 9or less, ‘8 gauge

*
Preduct ef Carberundum Cempany, Nisgra Falls, New York
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wire was used and ths thermeceuple bsads ceated with fiberfrax The ceating
limited interactien with the melt and reduced stray current pickup. If a

faster respense were rsquired, unceated 22 gauge thermeceuple wire was used.
B. Precadure

In the fellewing paragraphs, detailed pracedures are describad that were
empleyed fer preducing test castings in the centrelled selidificatien appara-
tus in the feoilewing ways. (1) extended selidificatien, (2) interrupted
salidificatien, (3) isethermal selidificatien, (4) pregrammed seiidificatien,
(5) unidirectienal selidificatien, (6) selidificatien with stirring, and

(7) selidificatien with vibratien.

In this repert, hewever, detailed results are presented enly fer those
expariments which fall under | and 2 abeve {plus seme limited data frem 5)
Experica s in the remaining categeries were largely expleratery in nature
during the fiscal year covered by this repert, these experiments are centinuing

and wiil be reperted in detail in the next annual repart ef this centract
i Extended Solidgification

Ingets were seiidified over extended perieds ranging from eight heurs
te ene theusand heurs while maintaining (1) the rate of heat e.iractien
censtant and (2) the temperature gradient in the melt very shallew (less than
0.1°F 13ch). The experimental setup is sketched in Figure 21 a2nd the prece-

dure is summarized belew’
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1. Inget meids ware placed in the recirculating air furnace and

preheated at 1300°F fer at least twelve heurs.

2. The melds were filied, and the melt temperature stabilized at the

furnace temperature.

3. The melt and furnace were ceeled with centrel respending ts &
differential thermeceuple that measured the difference batween the
temperature of the melt and the temparature ef the furnace chamber,

As depicted by Figure 21, the differential thermaceupls censisted ef
sne chremsl-alume! junctien in the melt cennscted in parallel with a
secend junctien in the furnace. The petential acress the differential
thermecsupls, which represented the temperature difference between the
twe measuring peints, was input te the centreller which acted te keep

the temperature differsence at a set, censtant value.

L. wWhen the recerded melt temperature indicated the inget has passed
threugh the eutactic held, the inget was remneved frem the furnace and
water quenched.

The rate of heat extraction is directly proportional to the temperature
difference and i{s a constant as long as the difference i{s a constant The
rate of heat extraction is reduced (and the solidification time extended)
by (a) reducing the temperature difference or (b) increasing the insulation
around the mold. The temperature gradient in the melt is simultaneously

reduced by either of these two procedures.
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At times as many as six individual thermocouples were used in a
differential thermocouple package. Three in the furnsce were connected in
series, thus multiplying the millivoltage reading by three. Similarly,
three thermocouples in the melt were connected in series. When these
thermocouples were connected to form a differential thermocouple, the
voltage across the package corresponded to three time the actual tempera-
ture difference. Not only does this method scale small temperature
differences up to a poin. where they are read more easily and contro'ied
more accurately, but this method also averages temperature variatiors in

the furnace and averages error in thermocouple readings

2. Interrupted Soiidification.

A variation of ths above techniques was to siow cool several! Z-1/2
inch diameter ingots in the furnace setting the differentia! thermocouple
control from just one of the ingots. At each of a series of temperatures
below the liquidus, one of the ingots would be removed from the furnace.

The mold was then quenched to 150°F by dropping into @ large tank of water
Less than two minutes elapsed from the time the slow solidification was
interrupted and the metal temperature brought to 150°F. Thus the portion

of the alloy that was stil! liquid when the slow solidification was inter-
rupted was cooled, by the quench, about 3600 times faster thar the remainder

of the ailoy.

A secord technique employed to interrupt solidificaticn consisted of

pouring lead of the same temperature as the melt into the mold The fraction




53.

of the alloy still liquid would be dispiaced, but the solid crystals would
be trapped by a fiberglass screening fastened across the conter of the

mold.

3. Isothermal Solidification.

A mold with a minimum amount of insulation was placed in the furnace
and preheated to 1300°F. The mold was filled with the furnace door open and
the metal tempsrature was lowered to a position intermediate to the solidus
and the eutectic. The solidification temperature wes maintzined for a

spocifisd time and then the moid removed from the furnace and quenched

At times several 2-1/2 inch diameter ingots were cooled to ths solidifi-
cation tempsraturs simultaneously and each was held at that temperature for

@ different length of time before quenching.

L, Programmed Solidification.

A Beck Programmer was used in conjunction with the control units to
program temperature-time cycles for the metal and/or furnace. Figure 22 is
a sketch of one experimental set-up which was employed. The programmer
outputs @ time-varying millivoltags that either added or oppossd the output
of a control thermocouple. The algebraic sum of the two miliivoitages was
then connected to a control unit, which maintained it at a constant valus
Thus, as the output from the programmer varied the contro.ler changed the
power input to the furnace to the point where the control thermocoup'es

compensated for the change. The programmer is capable of producing up to




54,

three different linear cooling rates within the specified millivoltage

intervals.

5. Unidirectional Salidification.

A chill was fabricated connacting four 1/4-inch diameter channels
using two 1/2-inch channels in a steel block 5" x 5' x 1/2" and welding 1t
to the bottom of a S-inch diameter cylindrical mold. The chill was coated
with Fiberfrax cement and the inside and the outside surface of ths mold
walls were wrapped with Fiberfrax paper. The experimental ser-up {s sketched
in Figure 23. Typically, the ensemble was placed in the furnace and preheated
to 1300°F. After the mold was filled and the metal tempera.sre stabilized,
either water or compressed air was run through the chill block at a hivh rate
(while the furnace temperature was maintained above the liquidus). Essen-

tially all heat flow in the ingot was 'unidirectionally’, downward.

&. Solidification with Stirring.

A 1/3 horsepowder motor and )/2-inch chuck were mounted on & frame
attached to the top of the furnace. The circuit bringing power to the stirrer
motor contained a potsntiometer to adjust the power input and voltmeter and
ammeter to measure the power input. Various paddle arrangements could be
inserted into the chuck and one arrangement is shown in Figure 24. The
paddle and shaft were generally made of type 316 stainiess steel ard coated

with aiuminum and/or fiberfrax.
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7. Solidification with Vibration.

An Eriex Hi Vi model V3A30N electro-magnetic vibration unit having a
maximum powsr input of 40O watts was mounted on a frame below the furnace
and coupled to the mold by a stalnless steel rcd which extended through the
furnace bottom A stainless steel plate was threaded and locked onto the
rod and ths mold itself was secureiy bolted to the plate. Figure 25 is a
photograph of an experimental setup. The vibrator power could ba turnsd
on at any time during solidification and the vibrator power adjusted by

means of a rheostat.
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IV RESULTS OF CONTROLLED SOLIDIFICATION EXPERIMENTS

A Therwal Analysis of Extended Solidification Heats

Several ingots of aluminum-4.5 per cent copper were solidified over
extended periods ranging from twelve to 1000 hours, at a constant rate of
heat axtraction using the differential thermocouple teclinique. Photographs
of polished and etched macrosections of ingots solidified twelve, sixty, one
hundred 3and one thousand hours are shown in Figure 26. Thermal record of
ingots sclidified over twelve, thirty six, and eighty two hours are plotted
in Figure 27. The plots are similar in shape to the heat content (Figure
i6) and solidification curves (Figure 9) calculated earlier for this alloy.
The slope decreases sharply as the first solid appears and remains relatively
shallow and linear for a good part of the solidification time  The sliope near
the end of solidification is close to the value previous fto the tramsformation.
The horizontal! portion represents the eutectic hold and firaliv the slope
increases to & value cu.oracteristic of a single phase field. Neithe- tre
amount of undercoouling below the liquidus prior to the initiation of freezing
nor the undercooling below the eutectic prior to the initiazion of the

eutectic transformation wac ever measured as greater thar twc degress farerhelt

! The Soiidification Curve, Comparison with Computations

Due to the fact the ingots wera coo'ed with « constars rate of heat
extraction, the abscissa of the therma! record differs from the heat co.tent
by a constant factor and the cooling curves may be compared 0 sclidification

curve (fraction solid versus temperaturs, Figure 9), using the method of
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Stonebrook and Sicha 't The method assumes that the heat of fusion liberated
for each per cent of transformation is the same and that the heat capacity of
the solid and liquid ares the same. The heat content calcuiations of Section II-
C demonstrate that thase assumptions are individually inaccurate, especially

so when an intermetallic, such as CuAl2 {s one of the transformation products.
But, the construction, when applied to an aluminum-4.5 per cent copper alioy 1s
accurate within 15 per cent during the bulk of solidification. The converted
thermal data is plotted {n Figure 9 with the calculated curves for the three
cases. The datz is seen to agree reasonabiy well with the case of limited

solid diffusion and a value of X 2 = y.2x 108
2. The Amount of Non-Equilibrium Second Fhase.

It is interesting to note that there 135 oniy & very slow increase in
the amount of solid diffusion when the time of solidification is ircreased
over two orders of magnitude. The ratio of the time of the eutectic hold to
the tota! solidification time may be, through the caiculations of Sectior II-
C, equilibrated with the weight fraction of eutectic formed. These values,
summarized in Table I1, change only slightly in the runs twelve to eighty two
hours. There was no hold recorded for the one thousand bour teat, howevar,

some eutsctic is cbserved in the macrostructure.

It is obvious from the macrostructures (Fiqure 26) that the dendrite
spacing {s Increasing along with the solidification time Even though the
time for solid diffusion to take place may be increased, the diffusion paths
becomes extended and thus ths concentration gradients, rapresentative of the

driving force for diffusion, become shallow The somewhat simplified mode!
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TABLE II
Solidification Duration of Eutectic Weight Fraction
Time (hours) Hold (hours) Eutectic (calculated*)
12 0.25 .03
36 0.7 .03
60 1.3 .03
82 1.7 .03
1000 None Observed -

and calculations of Section I (in particular, equation 141) indicate that if
the dendrite spacing increases in a manner such that the ratio of the square
of the dendrite spacing to the solidification time ( hgz) remains constant,
the segregation pattarn will not change. The experimsntal evidence clearly
indicates that the extension of solidification times 1s not, ipr itself, a
practical means of eliminating microsegregation in aluminum~L4 5 per cent

alloys.

* The method of calculating a heat content curve for the solidification
interval 1is described in some detall in Section II-C: hsat content of
solidifying alloy. The fraction eutectic is derived from the calculated
heat content curve that has the ratio heat released at eutectic: total
heat released within solidification interval! equal to the ratio from the
cooling curve of time at eutectic temperature: time within solidification
interval.
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B. Microsegregation HMeasursments*

1. Microprobe Measurements; Unidirectional Ingots.

The segregation pattarn within the dendrites of a series of ingots
cast from aluminum-4.5 per cent copper was analyzed quantitatively with the
aid of an electron microprobe. The photomicrograph of Figure 28 is a section
taken perpendi:ular to the heat flow direction and seven inches from the
chill from an inget that was water chilled and unidirectionally solidified.
The sample was prepared for asnalysis by first pelishing metallographically
and then placing 1 tcrehardness indentations to mark the area of observation.
The electron probe traces are apparent in the photomicrograph and the
results of one trace are plotted on the same figure with the scale of the
abscissa such that horizontal distances are the same. The compesition along
ths centerlins of the dendrite element is fairly uniform and for this sample

a minimum value of 1.3 per cent copper was obtained.

The minimum copper content measured at tha centerline of dendrite
slements of samples taken from locations on this and other ingots is
summarized in Table III  The minimum selute content expected if the soli-
dificatien followed normal nen-squilibrium cenditions is 0 6 per cert copper
for an 2luminum-4.5 per cent cepper alloy. The fact that the minimum

compositions observed are about 1.3 per cent copper indicates that the

* The ingets used for these microsegregation measurements were prepared by
Or. T. F. Bowar snd the electrcn microprobe measurements were made under
his direction.




TABLE III

A. Unidirectienally Sclidified Ingots

Methed of Chill Distance frem Chil} Minimum Copper

1. Water Chill 1/16 inch 1.4
3 inches 1.4

7 inches 1.3

2. Air Chil} 1/16 inch 22
7 inches 1.3

3. Air then Water 1/2 inch 0.8
3/4 inch 09

7/8 "

B. Slow Cooled Ingets

1. Interrupted at 1201°F 5% Seolid 07

2. Interrupted at 1187¢F L40% Soiid 10

assumptions of this limiting case are not complete:y valid and rhat one of
the twe follewing cenditions centributes to the discrepancy {3) there is

3 significant bulld-up of solute &~ead of the Laitis dend its grewth forms
due to iimited liquid diffusion or {(b) soms selutio~izing occurs ir the
primaiy dendrites during selidificatior I¥ thers w2 & bLi'd-Lp of sol.ste
in the liquid, the minimum selute co~ftant measu-ed wiinln the so'id phase
would be the same threughout soildificatie~ On tre other hand, s0l1id

diffusion in the dendrites would cause tre mirimo :eluvs _orts~t to gradua'ly

S
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incresse during seolidificatioen similar te the predictien of Figure 18.

Twe expsrimental techniques ef {nterrupting sciidificatien, described

belew, ware used te demanstrate that the selute centent within the dendrites
dees, indesd, increase during selidificatien, and that, therafere, the
increzse in cepper cencentratien at the center of dendrite arms abeve ths

valus kC. results frem diffusien in the selid.*
2  Micreprebe Msasuremsnts, Interrupted Selidificatien.

First, an inget was selidified unidirectienally by air chilling until,
accerding te thermal data, the mest aévanced selid reached 3/4 inch inte the
inget. Then water was put threugh the chill te effactively auench in the
sxisting structure The data in Table 1 shews that the primary seiid phase
had 8 - .9 per cent cepper at the time ef quenching The reqien abeve 3/4
inch had 2 nermal minimum selute centent fer a water chilled ingot, 1.4 per

cent cepper.

Secend, ingets were slew ceeled te temperatures belew the liquidus
and then lead of the same temperature as the alley was peured inte the inget
te displace the liquid. 1In this case &n inget that had its selidificatien
interrupted at 1201°F, aquivalent te 5 per cent selid, had a selute centent
of 0.7 per cent cepper within the primary dendrites. An inget that had 1ts
selidificatien {ntarrupted at 1187°F, equivalent te L0 per cant selid, had

2 sslute coentent of | O per cent ceppsr

* Alse, relativaly simple calculatiens and cemputer calculation new underway
as & part ef this pregram shew that under censitient of selidificatien
coensidered herein there can be ne significant build-up ef selute in the
liquid in front of, er between dendrits arms.




The experimental results substantiate the results of calculatiens

which {ndicate that limited selid d1ffusien can eccur during nermal

selidificatien. The value of the minimum seiute centents measured is

es 2
consistent with a value ef ?f = 1.2 x 1078 cr sec)/2 fer the calcu-
latien of Seczien D and Figure 19.

i}




63

V. CONCLUSIONS

This rapert cevers the first years werk en a coentinuing preject fer
the fundamental study eof the seiidificatien behavier ef 3luminum alleys.
An asnalytic study has bsen made of micresegregazien in ingets cast frem
substantially alleyed metals The selidificatien precess has been
ldesalized, feor the sake of analysis, by the selectien of the micrescepic

transpert cenditiens and of a grewth medel with tne fellewing results

1. The solidification curve (fraction solid as a function of temperature)
for binary alioys has peen described and Quantitative resuits hav~
been presented for several aluminum base allioys This matnod is
easiiy appited to ternary (and more compiex) alloy systems proviaed

adequate phase diagram information is available

2. Analyses given account for iimited diffusion tn the solid pnase during
soildification and during cooling to room temperati-e  Tnese analyses
allow more accurate description of the solidification conditicns and
more useful analysis of the solidiffcation structure than computations
based on the ususl assumptions, (a) compite diffusion in the solid

(equilibrium}, or (b} no diffusion in the solid (normal non-equilibrium)

3. The amount of non-equilibrium phases and coring present in the final
solidification structure is shown to be dependen on tne ratio of the
square of the size of the growth element (for example. dendrite arm

y2

spacing) to the solidification time, expressed as N For the

dendritic solidification of an aluminum-4 5 per cent copper alloy a




wh

vai.e oF - - , Tt omlutzl 10 essence. cesuit in tre maxiqwm
segregation, a value of N =1 x 13713 would, in essence, result in

. 3N 2
an equiliprium structure. A value of ranging between these
limits would result in varying amounts of solid diffusion and c.rves tnat
describe the amount of non-equilibrium eutectic formed 1n aluminum-

2

\\
copper alloys as a function of 1} have been oressnted

As a consequence of sclie diffusion, the soiute content within the
primary solid will increase during the solidification nrocess A4
nurerical analysis technigue has been described wiich computes the
concentration profile at various solid fractions. The analysis applied

to an aluminum-4.5 per cent copper alloy demonstrates:

.

(a) the dependence of the microsegregation on *

[

(b) the copper concsntration of the primary solid phase is quite uniform
during the initial stages of solidification

(c) whenever there is substantial solid diffusion thre reductiocn of
microsegregation during cooling in the solid:fication range will
be more sigrificant then the leveling that will occur during the
eutectic hold and during cooling of the sol!‘ structure to room
temperaiure
Once the ‘olidification curve of an ailoy has been computed the behavior
within the solidification range of many physical properties can be des-
cribed with the usa of data for the alloy that nas besn measured witnin
the single phase regions As an example, expressions rave been derived
for the heat content and rate of heat release of a binary alioy :n the

solidification region The expressions have been evaluated for an

aluminum-4.5 per cent copper alloy
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Through the analysis of ingots cast from aluminum-4.5 per cent copper
alloy sxperimental verification was obtained for the major assumptions of

the analyses.

1. Thermal anslysis of ingots soiidified by a differential thermocouple
technique indicate that the solidification curve of aluminum-4.5 per
cent alloy is more aptly describad by the limited solid diffusion
conditions than either the equilibrium or normal nen-equilibrium

conditions.

2. tlectron microprobe measurements of the copper distribution within
dendrites from unidirectionally solidified ingots showed & minimum
value of 1.3 - 1.4 per cent copper rather than the 0.6 per cent
predicted by the phase diggram. Examination of dendrites from ingots
that had their cooling interrupted at varieus stages of selidificarion
demonstrated that initial solid to solidify did have a composition
close to 0.6 per cent and that the solute content of the solid increased

during the solidification process

3 Observation of ingots cooled with solidification times ranging from
twelve hours te one thousand hours demonstrated that the dendrite
structure coarsens with increasing solidification time at such a rate
that the resulting decrease in cencentration gradient hinders solid
diffusion to an extent comparable to the enhancement brought about by
the increased time abaliable for diffusion. The reduction of micre-

segregatien resulting from extended solidification times is teo slight




to be, in ftself, a practical means for eliminating tre nor-eGui'idbrium

micro-inhomogeneitiss from soliaification structures
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APPEHDIX A

constant descriotive of a binary phase diagram in

the JtPh interva!

constant, descriptive of a binary phase dlagram

in the Jtb interva)

List of Symbols

e

o

overzli weight fraction of solute in a binary alloy

heat capacity of solid and liquid states, respectively

weight fraction solute at interface of solid, liquid,

end scvtectic phagsas,

respectively

average weight fraction solute in sclid and liquid

phases, respectiveivy

equiitbrius tolid and liquid weight fraction at
reference temperature 7, of the JIP interval of the

phase diagram
groviy element spacing

frequency constant for ¢iffy

volume diffusion confficient

sion

2f ¢o)

e
L)

te in sol

welight fraction selid, liguid, and eutectic,

respectively

heat released for each fraciion solidified

heat of fusiecn

heat conteat of the solid and iiguid phase,

respectively

4

i

heat of mixing of tne solid e¢nd }iqudd phases,

respeciively

heat content of a birary alloy

fiux at the iaterface in the z0l:d phase

partition ratio

fin{ize differance methe

s angt,

AX2/op 8

{4
(83



RS

slopes of liquidus and soiidus

slopes of liguidus and solidus in the JY interval
heat of activation of diffusion

rate of heat transfer

gas constant

temperature

base temperature for heat content measurements

temperature of an invariant reaction, ¢ g , eutectic
transformation temparature

temperature in degrees kelven

liquidus temperature

reference temperature of JN interval of phase dicgram
melting point of pure soivent
growth rate constant, linear growth
distance along growth element
position of solid-liquid interface
20/ \ 2

ZD/URd

empirical ratio ¢f square of dendrite spacing to
solidification time, dZ/Bf

b= (1 - Ay)

growth rate constant, parabolic growth
density of alloy

time since beginning of solidification

total sclidtfication time
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APPENDIX B: Organization of Computer Programs

Evaluation of the solidification parameters introduced in Section
IT has been achieved with two FORTRAN programs. The first, MACRC,
computes the parameters that are descriptive of an entire phase or
the entire alloy and are, at least hypothetically, ammenable to macre-
scoplc measurement (pyrometry, calorimetry, dilatometry, etc.). These
are the parameters discussed in Sections II-A, I1I-8, II-C. The second
program, MICRC, computes the concentration profile in the growth
e2lement on the basis of microscopic diffusion conditions as described
in Section II-C. The organization of each is described by a flow
diagram of the executive routine of each; MACRO, Figure 29, MICRO,

Figure 30,

MACRO consists of an executive sub-program (MAIN) thst calls 2
sequence of computational and {nput/output subreoutines. The calling
sequence of (MAIN) is presentad in Figure 29. Many variations have
been compiled for sach computational and output subroutine and the
particular series of subroutines selected to buildup a deck for &
computer run is a choice dependent on the nature of the alloy system
(e.g., real or imagirary), the assumed solidification conditions, and
the parameters to be evaluated and/or compared. The general purpose
of each subroutine is indicated in Figure 29. A program of this design
was deemed most suitable for a research project in which the assumptions,
parameters, and systems taken under consideration are con%inually

changing and expanding,
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MICRO consits of an executive sub-program (MAIN) and several
computational and input-output subroutines. The calling sequence of
(MAIN) 1s delineated by the flow diagram, Figure 20, as are the
functions of each subroutine. The scope of job to be run con the
computer is read in as part of the data and thus with the exception
of subroutine CHICO only one subroutine of each name is needed
Because output is a relatively slow computer step, the output routines
have been designed to be easily altered by octal correction cards when-

ever computer time must be conserved
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APPENDIX C: Thermal Oata for Heat Content Analysis
of Al - 4L.5 Per Cent Cu

1. Thermal Properties of the Pure Elements

K K. Kelley]2 fits the temperature variation of heat content of an

element to an expression of the following yeneral form
H(T) = aT +bT2+¢

The evaluation of this expression for liquid and solid aluminum and

copper are

n’s“ - {(h_sh)r + (1.48 x 107372 + (-l,wu)j /(26.98) (cal/gr)
KU - {(s.um + (0.75 x 1073)72 + (-1,680) } /(63.54)

! = {007+ G300] /(26.98)

Y« {0501+ 200 /(6350

and the heat capacity expression is the fit to the derivative of the

above expressions, that is

Cp = a+2b 7T

and ¢ Mg - {(u.sh) + (2.96 x 10°3)T § /(26.98) (cal/greC)
Cpols = {(5.41) + (1.50 x 1073)T { /{(63.54)
M = (7.00)/(26.98)
C.CY = (7.50)/(63.54)
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2. Heat of Mixing Data

(8) Assume HY to be negligible. The average copper content of the

primary solid is less than two per cent (less than one atomic per cent).

(b) From 0. Kubashewski and J. A. Catteral!‘3 the heat of mixing of

the liquid up to 33 weight per cent fits the relation

/
HC = °(9OGO)NCU (cal/gram)

where N., = atom fraction copper

¢, (26.98)
New ° C, (26.98) + (1 - cx ) (63.54)

Define \\} such that

tiquid
7T e (35H) ¢ (- Mgy) (26.98) = orem atom 1130Td

Then

HY = -(9000) Ne, ) (cal/gr 14quid)

To evaluate dHH/ch

M
dH dN d\) o
—k = -(9000) 44N Ly
4, dc U dN e

which becomes

T 63.54 pH
dex, 5,000 Cr, 2




(¢) For the intermetallic phase CuAl,(8)
L

He !
6

- 3,250 {cal/gr atom)

and

Hg = - 3,250 {cal/gr)




